We investigated the effects of a probiotic bacterium, Propionibacterium freudenreichii, on Salmonella multiplication, motility, and association to and invasion of avian epithelial cells in vitro. Two subspecies of P. freudenreichii (P. freudenreichii subsp. freudenreichii and P. freudenreichii subsp. shermanii) were tested against 3 Salmonella serotypes in poultry, namely, S. Enteritidis, S. Typhimurium, and S. Heidelberg, using co-culture-, motility, multiplication, cell association, and invasion assays. Both strains of P. freudenreichii were effective in reducing or inhibiting multiplication of all 3 Salmonella serotypes in co-culture and turkey cecal contents (P ≤ 0.05). P. freudenreichii significantly reduced Salmonella motility (P ≤ 0.05). Cell culture studies revealed that P. freudenreichii associated with the avian epithelial cells effectively and reduced S. Enteritidis, S. Heidelberg, and S. Typhimurium cell association in the range of 1.0 to 1.6 log 10 CFU/mL, and invasion in the range of 1.3 to 1.5 log 10 CFU/mL (P ≤ 0.05), respectively. Our current in vitro results indicate the potential of P. freudenreichii against Salmonella in poultry. Follow-up in vivo studies are underway to evaluate this possibility.
INTRODUCTION
Non-typhoidal Salmonella is a significant public health concern in the United States and worldwide. Salmonella causes the highest number of hospitalizations (∼35%) and deaths (∼28%) among all the bacterial pathogens associated with enteric foodborne illness in the United States (CDC, 2011) . The estimated annual occurrence of non-typhoidal salmonellosis (NTS) in the United States is ∼1.2 million, of which close to a million cases are attributed to the consumption of Salmonella-contaminated foods (CDC, 2014a) . The Centers for Disease Control and Prevention (CDC) estimates a relatively stable incidence rate of Salmonella cases over the past 7 years (CDC, 2014b). The high incidence rate of Salmonella has been linked to various food sources at risk; more than 50% of the reported foodborne Salmonella infections were attributed to consumption of contaminated poultry meat and eggs (CDC, 2013) .
Poultry is the primary reservoir host of Salmonella on farms. Several preharvest control strategies are prac-ticed in poultry production to reduce the risk of introduction, persistence, and transmission of Salmonella at farm level (Gast, 2007) . Despite all the control strategies adopted, the increased incidence of poultryassociated foodborne salmonellosis and isolation of multiple antibiotic resistant serovars like S. Heidelberg from poultry products warrant more efficient and safe intervention practices. Recently, there has been increasing interest to use probiotic bacteria as an alternative to conventional antibiotics in controlling pathogens in animal agriculture, including poultry. Also, use of probiotic bacteria can be advantageous in organic farming since antibiotics are not allowed for the preventative care of the flocks (Park et al., 2013) .
Probiotics are live microorganisms that if administered in adequate quantity result in desired health benefits in the host, including reduction of pathogenic bacteria (FAO, 2002; Patterson and Burkholder, 2003; Griggs and Jacob, 2005; Chichlowski et al., 2007) . Several probiotic bacteria, including Lactobacillus spp., Bacillus spp., Bifidobacterium, and Pediococcus have been used in the poultry industry, either individually or in combination (La Ragione et al., 2001 Lee et al., 2007; Mountzouris et al., 2007) . Propionibacterium freudenreichii has proven probiotic properties and is commonly present in fermented dairy products such as cheese (Collins et al., 1998; Liu et al., 2004) . Generally, Propionibacterium spp. are efficient colonizers in the vertebrate gastrointestinal tract (GIT), including mice (Macfarlane et al., 1986; Radecki and Yokoyama, 1991; Lan et al., 2007) and, therefore, are being tested for their activity to alleviate human colorectal carcinoma (Jan et al., 2002a; Lan et al., 2008) . Propionibacterium is a non-pathogenic GRAS-status bacterium (FDA, 2014 ) that has high stability under different pH conditions (Huang and Adams, 2004) . The bacterium is stable in food products for a longer period with sustained activity (Ayres et al., 1992) and has growth-promoting effects on other beneficial bacteria such as Bifidobacterium (Kaneko et al., 1994; Jan et al., 2002b) . To date, no studies have determined the probiotic potential of P. freudenreichii on the Salmonella species colonizing poultry. The objective of this study was to determine the efficacy of P. freudenreichii subsp. freudenreichii and P. freudenreichii subsp. shermanii on S. Heidelberg, S. Typhimurium, and S. Enteritidis' multiplication, motility, and cell association to and invasion of avian epithelial cells in vitro.
MATERIALS AND METHODS

Bacterial Strains and Culture Conditions
Probiotic Bacteria P. freudenreichii subsp. freudenreichii (B-3523 USDA NRRL culture collection; hereafter P. freudenreichii) and P. freudenreichii subsp. shermanii (B-4327 USDA NRRL culture collection; hereafter P. shermanii) were used in the study. One hundred μL of P. freudenreichii or P. shermanii stock culture was grown in 10 mL of de Man Rogosa Sharpe broth (MRS; catalog no. C5932, Criterion, Hardy Diagnostics, Santa Maria, CA) for 24 h at 37
• C. The cultures were washed twice with 10 mL of phosphatebuffered saline (PBS, pH 7.2) and sedimented by centrifugation (3,600 x g, 4
• C, 15 min; Allegra X-14R, Beckman Coulter, South Kraemer Boulevard, Brea, CA), separately. The pellet was resuspended in 10 mL of PBS for use as an inoculum. The bacterial counts in each culture were confirmed by plating 0.1 mL portions of appropriate dilutions on MRS plates and incubating the plates at 37
• C for 48 h (Tharmaraj and Shah, 2003) .
Salmonella Serotypes Salmonella serotypes used in the study were S. Heidelberg (N13F0000466 -Tennessee correctional facility outbreak strain isolated from mechanically separated chicken, provided by the Tennessee Department of Public Health), S. Enteritidis 13076 [American Type Culture Collection (ATCC), Manassas, VA], and S. Typhimurium ATCC 14028. All serotypes were grown in trypticase soy broth (TSB; catalog no. C7141, Criterion, Hardy Diagnostics, Santa Maria, CA), separately for 24 h at 37
• C with shaking (200 rpm). After overnight incubation, Salmonella growth was determined by serial dilution and plating of samples on xylose lysine desoxycholate agar plates (XLD; catalog no.C7322, Criterion, Hardy Diagnostics, Santa Maria, CA), incubating at 37
• C for 24 h (Kollanoor-Johny et al., 2009, 2012a,b) .
Determination of the Effect of Propionibacterium on Salmonella
Our first step was to determine the effective inoculation level of Salmonella serotypes and Propionibacterium in an optimized, non-inhibitory, nutrient medium suitable for growth of both bacteria independently and when they were grown together (coculture). Our studies revealed that equal volumes of MRS and TSB at a pH 6.4 [close to poultry cecal pH (Corrier et al., 1990) ] was effective in allowing the growth of Salmonella and Propionibacterium independently or in co-culture. With an initial inoculum level of ∼10 5 CFU/mL, all bacteria reached 10 8-9 CFU/mL either separately or in co-culture after incubation at 37
• C for 24 h. After determining the adequate inoculum level of each bacterium, 2 levels of S. Heidelberg (10 5 and 10 7 CFU/mL) and 3 levels of P. freudenreichii (10 5 , 10 7 , and 10 9 CFU/mL) were tested to obtain effective coculture combinations, using 24-well tissue culture plate assays. Briefly, 10 μL of 10 5 or 10 7 CFU/mL of S. Heidelberg was inoculated into 2 mL of co-culture medium [MRS broth and TSB at 1:1 ratio (pH ∼ 6.4)] in 6 separate wells of a 24-well cell culture plate. Then, 100 μL of an overnight culture of P. freudenreichii at 10 5 , 10 7 , or 10 9 CFU/mL was added to the wells. For an inoculum level of 10 5 CFU/mL of S. Heidelberg, an S. Heidelberg to P. freudenreichii ratio of 1:1, 0.7:1, and 0.5:1 was obtained. Similarly, for 10 7 CFU/mL of S. Heidelberg, a ratio of 1.5:1, 1:1, and 0.7:1 was obtained in the medium (Table 1) . After mixing, the wells were incubated at 37
• C for 24 h, followed by bacterial enumeration at zero h and 24 h on both MRS (for P. freudenreichii) and XLD (for S. Heidelberg) agar plates. This experiment was repeated 3 times.
As follow up, separate experiments were conducted for each serotype of Salmonella and P. freudenreichii or P. shermanii using macro-broth dilution assays. Ten mL of co-culture medium was inoculated with each serotype of Salmonella and each subspecies of Propionibacterium at 10 5 : 10 9 CFU/mL, incubating for 24 h at 37
• C. At zero and 24 h of incubation, the samples were serially diluted 10-fold in PBS, and 100 μL from appropriate dilutions was surface plated on MRS and XLD agar plates. Bacterial numbers were enumerated after 24 h of incubation at 37
• C for Salmonella and Propionibacterium. The pH of media in all the tubes was recorded using a digital pH meter (Symphony B10P, VWR, Radnor, PA). Duplicate samples were included for each treatment, and the experiment was repeated at least 3 times.
Determination of the Effect of Propionibacterium on Salmonella Motility
Motility assays are used to determine the effect of antimicrobials on bacterial motility (Kollanoor-Johny Table 1 . Effect of inoculum combinations of S. Heidelberg (tested at 10 5 & 10 7 CFU/mL) and P. freudenreichii (tested at 10 5 , 10 7 , and 10 9 CFU/mL) in co-culture medium at 37 • C (Means ±SE; n = 6/treatment). , 2012b; Joshi et al., 2015; Zhu et al., 2015) . We prepared the modified turkey cecal agar (MTCA) by adding sterile cecal filtrate at zero, 5, and 10% to the general motility medium [Luria-Bertani (LB; catalog no. C6001, CulGenex, Hardy Diagnostics, Santa Maria, CA) media supplemented with 0.3% (w/v) agarose] to mimic the cecal metabolite environment as far as possible. Specifically, the MTCA was made by combining (a) co-culture agar base and (b) sterile cecal filtrate in appropriate proportions. Co-culture agar base was made as follows: equal volumes of MRS and LB (catalog no. C6001, CulGenex, Hardy Diagnostics, Santa Maria, CA) media was supplemented with 0.3% (w/v) agarose (catalog no. C5001, Criterion, Hardy Diagnostics, Santa Maria, CA) and autoclaved for sterilization. The sterile cecal filtrate was prepared as follows: 10 mL of cecal contents homogenized in PBS (1:4) was inoculated with either P. freudenreichii or P. shermanii and incubated at 37
• C for 24 h in 5% CO 2 environment. Culture tubes with no added P. freudenreichii or P. shermanii kept at similar conditions served as controls. The cultures were centrifuged, and the supernatant was filtered through a 0.22 μm filter (Milex-GS; Ref no. SLGS033SS, Merck Millipore Ltd., Tullagreen, Carrigtwohill, Co. Cork, Ireland). Before pouring the plates, cecal filtrates obtained with or without P. freudenreichii growth were added at 5 and 10% into the plates using a 10 mL pipette with swirling movement. The 4 treatments were: motility agar + 5% sterile cecal filtrate (5% control), motility agar + 10% sterile cecal filtrate (10% control), motility agar + 5% sterile filtrate (from either P. freudenreichii or P. shermanii) (5% treatment), and motility agar + 10% sterile filtrate (from either P. freudenreichii or P. shermanii) (10% treatment). Above 10% filtrate addition, the agar did not solidify as required. After allowing 20 min for solidification, 10 μL of Salmonella (10 5 CFU) was spot inoculated onto the center of MTCA plates. The zone of motility of Salmonella on MTCA plates was measured after incubating the plates for 12 h at 41
• C (poultry body temperature) in 5% CO 2 environment. The pH of the controls was adjusted to that of the treatments (pH = 5.5 ± 0.2) with 0.1 N HCl before conducting the motility experiments to obtain the composite effect of all the potential antimicrobial metabolites present in the probioticderived filtrate. Duplicate samples were included for each treatment, and the experiment was repeated at least 3 times.
Determination of the Effect of Propionibacterium on Salmonella Multiplication in Turkey Cecal Contents
The inhibitory effect of Propionibacterium was evaluated against Salmonella serotypes in turkey cecal contents as described previously (Vasudevan et al., 2005; Kollanoor-Johny et al., 2010) . Cecal contents were collected from 8-week-old turkeys raised on a standard commercial diet. The cecal contents were pooled, diluted with PBS (1:4), and autoclaved to inactivate inhibiting microflora. Sterile 50 mL polypropylene tubes containing 10 mL of cecal contents were inoculated with 100 μL of P. freudenreichii or P. shermanii at 10 9 CFU/mL. Each Salmonella serotype was added at 10 5 CFU/mL and mixed by vortexing. Appropriate controls [-P. freudenreichii -Salmonella (negative control); + P. freudenreichii -Salmonella (probiotic control); and -P. freudenreichii + Salmonella (positive control) were kept. This experiment was carried out at 37
• C (optimal temperature for Salmonella growth) and 41
• C [average poultry/turkey body temperature (Tyzzer and Fabyan, 1920) ] with 5% CO 2 , to determine if temperature influenced the pathogen-probiotic interaction. For microbiological analysis, a one mL sample was drawn from the controls and treatments at zero, 8, and 24 hours. The samples were serially diluted (1:10) with PBS and surface plated on MRS and XLD agar plates for Propionibacterium and Salmonella, respectively. Separate experiments were conducted to determine the effect of P. freudenreichii and P. shermanii on the multiplication of 3 different Salmonella serotypes in cecal contents. The pH of all treatments was recorded. Duplicate samples were included for each treatment, and the experiment was repeated at least 3 times.
Determination of the Effect of Propionibacterium on the Culturable Endogenous Cecal Aerobic Bacteria and Cecal pH
This experiment was carried out to determine if P. freudenreichii or P. shermanii exerted any inhibitory effect on the culturable endogenous cecal aerobic bacteria (CECAB). Six samples containing 10 mL each of non-autoclaved cecal contents were inoculated with 100 μL of either P. freudenreichii or P. shermanii at 10 9 CFU/mL. The sample tubes were incubated at 41
• C for 24 h under 5% CO 2 , and one mL portions were drawn at zero and 24 h, serially diluted, and spread plated on thioglycollate agar plates (TGA; Catalogue #225650, Becton, Dickinson and company, Sparks Glencoe, MD 21152). The plates were incubated at 41
• C under 5% CO 2 for 24 h before bacterial enumeration. Control samples (without P. freudenreichii or P. shermanii) were prepared by adding 100 μL sterile deionized water to 10 mL cecal contents and was processed as the treatment samples. Cecal content pH also was recorded for all treatments at zero and 24 hours.
Determination of the Effect of Propionibacterium on Salmonella Association to and Invasion of Intestinal Cells
Avian Epithelial Cell Line Budgerigar (Parakeet) abdominal tumor cells (BATCs), a permanent epithelial cell line, is a published model to study Salmonella pathogenesis in avian species (Dodson et al., 1999; Henderson et al., 1999; Hudson et al., 2000; KollanoorJohny et al., 2012b ). We did not include primary cecal epithelial cells for the study due to the inherent difficulty in maintaining the integrity of cells over multiple passages required for the study. The cells were cultured in Dulbecco's modified Eagle medium (DMEM; catalog no. 21063029, Invitrogen, Carlsbad, CA) supplemented with 10% fetal calf serum (FCS; catalog no. 10099141, Invitrogen, Carlsbad, CA). After 3 successful propagations, the cells were seeded into wells of 24-well tissue culture plates containing one mL complete medium (DMEM +10% FBS) at one × 10 5 cells/well, and incubated at 37
• C with 5% CO 2 to reach a confluency of >95% within 48 hours. The viability of cells was confirmed using trypan blue vital dye exclusion assay (Pazos et al., 2002; Kollanoor-Johny et al., 2012b) .
Cell Association Assay This study was conducted to determine the potential of P. freudenreichii or P. shermanii on Salmonella association on to cultured BATCs, using previously published protocols (Monack et al., 1996; Dodson et al., 1999; Henderson et al., 1999; Moore and Holt, 2006; Brawn et al., 2007) . P. freudenreichii or P. shermanii were grown separately in sterile cecal filtrate for 2 to 3 generations with agitation (100 rpm) at 37
• C in 5% CO 2 environment overnight to reach 10 9 CFU/mL. The cultures in cecal filtrate were used as the inoculum. The sterile cecal filtrate was used for cell association studies to mimic the cecal environment as far as possible. The BATCs were preexposed to 10 9 CFU/mL of Propionibacterium for 2 h at 37
• C under 5% CO 2 in DMEM: sterile cecal filtrate (1:1). Then, BATCs were treated with 10 5 CFU/mL of Salmonella (grown at 37
• C for 24 h aerobically) [multiplicity of infection (MOI) = 10] and incubated at 37
• C for one h under 5% CO 2 for attachment. Then, the control and treatment wells were added with 0.1% Triton-X followed by incubation of wells at 37
• C for 15 minutes. The total number of Salmonella adhered to BATCs was enumerated after plating cell homogenates on XLD plates and incubating at 37
• C for 24 hours. Duplicate samples were included for all treatments, and the experiment was repeated at least 3 times. The pH was adjusted in all wells before conducting the cell association assays (pH = 5.0 ± 0.20).
Gentamicin Protection (Epithelial Invasion) Assay The BATCs also were used for studying the effect of Propionibacterium on Salmonella invasion of avian epithelial cells, using previously published protocols (Monack et al., 1996; Dodson et al., 1999; Henderson et a., 1999; Moore and Holt, 2006; Brawn et al., 2007; Kollanoor-Johny et al., 2012a,b; Dostal et al., 2014) . Briefly, BATCs exposed to P. freudenreichii or P. shermanii were challenged with 3 serotypes of Salmonella (grown at 37
• C for 24 h aerobically), separately and incubated at 37
• C for 2 h under 5% CO 2 . After that, the medium was removed from the wells and replaced with fresh medium supplemented with 100 μg/mL of gentamicin (Catalog no. 15750078; Gibco, Invitrogen) and kept at 37
• C for one h to kill all the surface attached/adhered bacteria. The wells were then washed with PBS 3 times followed by addition of one mL of PBS containing 0.1% Triton-X (Catalog no. HFH10; Invitrogen) and incubating the wells at 37
• C with 5% CO 2 for 15 min to lyse the BATCs and release intracellular Salmonella. The cell lysates were serially diluted, surface-plated on XLD, and incubated at 37
• C for 24 h before counting. Duplicate samples were included for each treatment, and the experiment was repeated at least 3 times.
Statistical Analysis
Duplicate samples per treatment were included for all assays and experiments were repeated at least 3 times. The experimental units were each culture tube or well in co-culture and multiplication studies, each cell culture well for association and invasion assays, and each Petriplate containing MTCA for motility assays. A completely randomized design with appropriate treatment structure was followed for all tests. The factors included 3 serotypes of Salmonella (S. Heidelberg, S. Enteritidis, and S. Typhimurium), 2 subspecies of P. freudenreichii (P. freudenreichii freudenreichii and P. freudenreichii shermanii), and either 2 (zero or 24 h) or 3 (zero, 8, or 24 h) time-points. The number of Salmonella colonies was logarithmically transformed (log 10 CFU/g) before analysis to achieve homogeneity of variance (Byrd et al., 2003) . The samples from which no bacteria were recovered after spread plating but positive after enrichment were assumed a value of 0.95 for analysis (9 CFU/mL) (Seo et al., 2000; Young et al., 2007) . Data were analyzed using the PROC MIXED procedure of SAS (ver. 9.3). The difference between the means was detected at the 5% level and separated using the Fisher's least significant difference (LSD) test. Data are presented as means ± SE, where n = 6.
RESULTS AND DISCUSSION
Ever since Nurmi's original research on competitive exclusion cultures (Nurmi and Rantala, 1973) , there has been a genuine interest in the use of defined and undefined protective cultures in poultry production due to their multiple benefits in the host, including reduction of pathogens. Protective cultures are reported to inhibit various pathogenic organisms such as Salmonella, Campylobacter, Escherichia coli, and Listeria monocytogenes in vitro and in vivo (Mead, 2000; Ohya et al., 2000; De Waard et al., 2002; Chambers and Gong, 2011; Higgins et al., 2011; Tellez et al., 2012; Milillo et al., 2013; Eom and Choi, 2015; Huang et al., 2015; Kim et al., 2015) . In the current study, we determined the efficacy of P. freudenreichii and P. shermanii to inhibit Salmonella multiplication, motility, and cell association to and invasion of epithelial cells in vitro. Salmonella motility in the GIT (Barua et al., 2012) , multiplication in cecal contents (Beal et al., 2004; Withanage et al., 2004; Rychlik et al., 2014) , and cell association to and invasion of the intestinal epithelial cells (Galan and Curtiss, 1989; Galan et al., 1992; Sivula et al., 2008) are considered critical for effective colonization of the pathogen in the poultry GIT. Propionibacterium has been much less investigated for its probiotic potential, especially on its activity to exclude pathogenic microbes, and ability to produce biologically active metabolites. These metabolites may have antimicrobial activity against pathogenic bacteria, help support beneficial microflora such as Bifidobacterium and Lactobacillus, and enhance the immune system (Kaneko et al., 1994; Jan et al., 2002b; Okada et al., 2006) .
As a first step to determine the effect of Propionibacterium on Salmonella, we conducted nutrient broth dilution assays. From the microdilution assay using a defined co-culture medium (one mL each of MRS and TSB maintained at a pH 6.4), we found that P. freudenreichii freudenreichii at 10 9 CFU/mL was highly effective against 10 5 CFU/mL S. Heidelberg and resulted in a complete reduction of the pathogen after 24 h at 37
• C, compared to the controls (P ≤ 0.05) ( Table 1) . P. freudenreichii at the lower inoculum level tested (10 5 CFU/mL) did not show any effect on decreasing S. Heidelberg populations (at an inoculum level of 10 5 CFU/mL) in the nutrient medium. However, 10 7 and 10 9 CFU/mL of the P. freudenreichii resulted in complete reduction of S. Heidelberg populations (non-detectable by surface plating and enrichment; P < 0.05). When a higher inoculum of 10 7 CFU/mL of S. Heidelberg was used against 10 5 , 10 7 , or 10 9 CFU/mL of the probiotic, a reduction of zero, 2.3, and 8 log 10 CFU/mL S. Heidelberg was observed (Table 1) . We confirmed the results using macro-dilution assays in a larger volume of nutrient broth (10 mL) for all 3 Salmonella serotypes and 2 Propionibacterium isolates. Similar to the microdilution assays, both Propionibacterium strains completely inactivated all serotypes of Salmonella after 24 h of incubation ( Table 2 ). The initial inoculum dose of ∼9.0 log 10 CFU/ml Propionibacterium was maintained at zero and 24 h in the probiotic control and in the probiotic + Salmonella combination tubes, whereas Salmonella increased from ∼5.0 log 10 CFU/mL (inoculum dose) to ∼8.0 log 10 CFU/mL after 24 h in the positive control tubes. Since both Propionibacterium showed similar results, only the results from the P. freudenreichii study are included. The observed reduction in the media could be attributed to the probiotic's ability to compete for nutrients and space (reviewed by Tellez et al., 2012) , with 100-to 10,000-fold higher concentrations of the probiotic being present compared to that of S. Heidelberg. It is also possible that the antimicrobial metabolites produced by P. freudenreichii could have resulted in inhibition of S. Heidelberg (Brede et al., 2004; Gwiazdowska and Trojanowska, 2006; Stackebrandt et al., 2006) .
Bacterial motility plays a critical role in Salmonella to reach the target/predilection sites of colonization and assisting in the invasion process (Ciacci-Woolwine et al., 1998; Josenhans and Suerbaum, 2002; Soutourina and Bertin, 2003) . Motile serotypes such as S. Enteritidis, S. Typhimurium, and S. Heidelberg have high zoonotic potential, compared to their nonmotile counterparts (Barua et al., 2012) . In the current study, we modified the motility agar (Niu and Gilbert, 2004) by adding 5 and 10% of sterile cecal filtrate produced by Propionibacterium strains. Cecal filtrates were extracted from turkey cecal contents inoculated with or without (control) Propionibacterium at 10 9 CFU/mL for 24 hours. Compared to the normal cecal filtrate controls, the filtrates produced by Propionibacterium caused a significant reduction in motility of all serotypes of Salmonella on MTCA (Figure 1) . It also was observed that MTCA added with 10% PF-derived filtrate resulted in a higher reduction of Salmonella motility compared with the addition of 5% filtrate, indicating the concentration-dependent effect of anti-motility metabolites present in the filtrate. A study by Liévin-Le Moal et al. (2011) reported that bioactive metabolites produced by Lactobacillus acidophilus were effective in inhibiting the swimming motility of S. Typhimurium. Similarly, a recent study by Nakamura et al. (2015) also reported that fermentation products produced by Lactococcus lactis were effective in inhibiting Salmonella motility by disrupting rotational motility of flagella and reducing intracellular pH. Bacterial fermentation products such as acetate produced by L. lactis altered the membrane permeability of Salmonella and resulted in reduced motility of the pathogen (Nakamura et al., 2015) . Multiplication in the host is critical for the dissemination of Salmonella via fecal excretion to find newer hosts for survival (Sivula et al., 2008) . In the ceca, Salmonella multiplies in both mucosa and lumen, although at lower rates compared to that under in vitro conditions (Harvey et al., 2011) . In any event, Salmonella will be abundantly present in the cecal contents with a smaller number attached to the cecal epithelium (reviewed by Sivula et al., 2008) . In this study, we used autoclaved cecal contents as a medium to investigate the effect of Propionibacterium on Salmonella multiplication. Based on our published in vitro and in vivo reports, we believe that autoclaved cecal contents represent a more appropriate in vitro model than any other synthetic laboratory media (Vasudevan et al., 2005; Kollanoor-Johny et al., 2009 , 2010 , 2012a . Also, autoclaving cecal contents reduces the antagonistic effect of the natural microflora on Salmonella serotypes and provides accurate counts of the pathogen throughout the experiment (Vasudevan et al., 2005 ; Kollanoor-Johny et al., 2010). Based on our study in co-culture medium (Table 2) , both Propionibacterium isolates were tested against all 3 Salmonella serotypes, separately, in turkey cecal contents. Experiments were conducted at 37
• C since it is the optimum growth temperature of Salmonella, and at 41
• C to simulate the average body temperature of poultry. As expected, Salmonella grew in cecal contents from an initial concentration of 10 5 CFU/mL to 10 9 CFU/mL over 24 h at 37
• C (Tables 3-6) . Propionibacterium remained at ∼10 9 CFU/mL at zero and 24 h at 37
• C. At 37 • C, P. freudenreichii resulted in 3.4, 3.2, and 2.9 log 10 CFU/mL reductions of S. Enteritidis, S. Heidelberg, and S. Typhimurium, respectively, compared with the controls after 24 h of incubation (P ≤ 0.05) (Table 3) . Similarly, P. shermanii resulted in 2.3, 2.4, and 2.0 log 10 CFU/mL reduction of S. Enteritidis, S. Heidelberg, and S. Typhimurium, respectively, compared with the controls (P ≤ 0.05) ( Table 4) . Similar reductions in Salmonella populations were observed at 41
• C, although it was observed that Propionibacterium had already started to inhibit bacterial multiplication after 8 h of incubation (Tables 5 and 6 ).
Regarding pH, Propionibacterium reduced the pH of cecal contents over time. The range of pH at zero h (6.4 to 6.5) was reduced to 5.2 to 5.9 after 8 h incubation (P < 0.05) and was further reduced to 4.7 to 5.4 after 24 h of incubation (Tables 5 and 6 ). We also observed that the addition of Propionibacterium to nonautoclaved cecal contents reduced the pH from 6.4 to 5.6 after 24 h of incubation (P < 0.05) but did not affect the CECAB population (Table 7) . This could indicate that acidification of cecal contents by Propionibacterium would have partly contributed to the inhibition of Salmonella multiplication.
In our study, Propionibacterium was effective in inhibiting the growth and multiplication of pathogenic Salmonella serotypes in a complex medium like turkey cecal contents (Tables 3-6 ). It has been previously reported that Propionibacterium produces propionic and acetic acids as a result of hexose metabolism and causes lowering of pH (Stackebrandt et al., 2006; Argañaraz-Martínez et al., 2013) . A recent in vitro • C. (Means ± SE; n = 6, * Treatment bars significantly different from the control bars for 5 and 10% treatments at P < 0.05). Table 3 . Effect of P. freudenreichii on Salmonella serotypes in turkey cecal contents at 37
• C (n = 6/treatment). acids (SCFAs) like propionic and acetic acids increase cell permeability and cause leakage of cellular contents resulting in the death of pathogenic microorganisms like Salmonella. The SCFAs also inhibit proton motive Table 5 . Effect of P. freudenreichii on Salmonella serotypes in turkey cecal contents and change in pH at 41
• C (n = 9/treatment). force, affect energy metabolism, and prevent multiplication and survivability of enteric pathogens (Dunkley et al., 2009; Argañaraz-Martínez et al., 2013) . Other than SCFAs, Propionibacterium produces antimicrobial peptides called propionicins (Brede et al., 2004; Stackebrandt et al., 2006) . Gwiazdowska and Trojanowska (2006) reported on the production of heat resistant and pH stable bacteriocins (4.5 to 7.0) by P. freudenreichii and P. shermanii with bacteriostatic property against foodborne pathogens, including S. Typhimurium. In the present study, along with the SCFAs reducing the pH of the medium, the production of propionicins also might have contributed to the reduction of Salmonella by Propionibacterium. However, evaluation of Propionibacterium filtrate for potential antimicrobial metabolites has to be carried out before further speculation.
Cell association and invasion of intestinal epithelial cells are critical for effective colonization of Salmonella in GIT (Sivula et al., 2008) . In our study, we used a wellcharacterized avian epithelial cell line, BATCs, to determine the effect of Propionibacterium on Salmonella cell association and invasion (Dodson et al., 1999; Henderson et al., 1999; Kollanoor-Johny et al., 2012b) . We determined the cell association potential of both Propionibacterium strains on to an avian cell line. It was found that the probiotic strains were able to associate strongly (∼6.5 log 10 CFU/well; n = 12) on to BATCs (Figure 2) . The results indicate that the selected probiotic strains could potentially colonize the intestinal tract of poultry. Similar in vitro studies have reported adhesion of P. acidopropionici and P. shermanii on to non-poultry intestinal epithelial cells (Zárate et al., 2002 (Zárate et al., , 2016 Collado et al., 2007a,b) . In the current study, Propionibacterium was able to reduce ∼90% of Salmonella association on to BATCs (P ≤ 0.05; Figure 2) . Specifically, P. freudenreichii reduced S. Enteritidis, S. Heidelberg, and S. Typhimurium by 1.6, 1.1, and 1.3 log 10 CFU/mL, respectively. Similarly, Propionibacterium was able to reduce against Salmonella invasion on to BATCs (Figure 3 ). Both Propionibacterium strains resulted in significant reduction of invasion of all tested serotypes of Salmonella. P. freudenreichii resulted in 1.5 log 10 CFU/mL reduction in invasion of all serotypes in cell culture (P ≤ 0.05; Figure 3 ). This result indicates that the association of Propionibacterium on to avian intestinal cells could be effective against the invasion by Salmonella. Similar to our study, many other researchers have determined the efficacy of beneficial microflora, especially Lactobacillus sp. on Salmonella invasion of human intestinal epithelial cell lines (Bernet et To conclude, P. freudenreichii and P. shermanii significantly reduced Salmonella motility, multiplication, and cell association to and invasion of avian epithelial cells, thereby justifying follow-up in vivo studies investigating their application for Salmonella control in poultry.
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